Zinc is essential for many biological processes, including proper functioning of gametes. We recently reported that zinc levels rise by over 50% during oocyte maturation and that attenuation of zinc availability during this period could be achieved using the membrane-permeable heavy metal chelator N,N,N 0 ,N 0 -tetrakis(2-pyridylmethyl)ethylenediamine (TPEN). This zinc insufficiency resulted in formation of large polar bodies, failure to establish metaphase II arrest, and impaired establishment of cortical polarity. As these phenotypes resemble those of MOS null oocytes, we examined the impact of zinc insufficiency on the MOS-MAPK pathway. Reduced levels of both MOS protein and phosphorylation of MAP2K1/2 are observed in zinc-insufficient oocytes; however, these differences appear only after completion of the first meiotic division. In addition, activation of the downstream effector of the MOS pathway, MAPK3/1, is not affected by zinc insufficiency, and reduced MOS levels are observed only with the presence of TPEN after the first polar body extrusion. These data are inconsistent with the hypothesis that reduced MOS mediates the observed phenotype. Finally, MOS overexpression does not rescue the phenotype of zinc-insufficient oocytes, confirming that the observed disruption of asymmetric division and spindle abnormalities cannot be attributed to impaired MOS signaling. Zinc-insufficient oocytes do not increase maturation promoting factor (MPF) activity following the first meiotic division, and increasing MPF activity through expression of nondegradable cyclin B1 partially rescues the ability of zinc-insufficient oocytes to enter metaphase II. Although we have shown that zinc has a novel role in the meiotic cell cycle, it is not mediated through the MOS-MAPK pathway.
INTRODUCTION
Zinc is an integral component of hundreds of enzymes, transcription factors, and other molecules involved in a variety of biological functions, and the homeostasis of this trace element is tightly regulated [1] . Absorption, cellular uptake, and proper subcellular distribution of zinc are stringently controlled by numerous zinc transporters and binding proteins [2] . Recent studies have also suggested that zinc may act as an intracellular second messenger capable of transducing extracellular signals to cellular signaling events [3] . Zinc is emerging as a particularly important factor in gamete biology. It is needed for spermatogenesis and can modulate sperm capacitation [4] [5] [6] [7] , and zinc deficiency has been linked to impairment of sexual development in both males and females, as well as in adverse pregnancy outcomes [1, 8, 9] . While the importance of zinc in the physiology of male germ cells has been established, and the effects of excess or insufficient zinc have been studied in Xenopus laevis oocytes [10] [11] [12] [13] [14] , few studies to date have looked in detail at the role of zinc in the mammalian oocyte. Therefore, we sought to characterize the role of zinc in mammalian oocyte biology. Recently, we reported that the total zinc content of maturing oocytes undergoes large fluxes, increasing by over 50% during meiotic resumption and decreasing by the two-cell embryo stage. Furthermore, perturbation of intracellular zinc availability interferes with meiotic progression and asymmetric division [15] . This report further characterized the molecular mechanism of this meiotic disruption.
Oocytes in the mammalian ovary arrest at prophase of meiosis I (MI) during prenatal development and do not reinitiate meiosis until cued to do so by the LH surge preceding ovulation [16] . Reinitiation of meiosis, or meiotic maturation, also occurs spontaneously when fully grown oocytes are released from the follicle environment [17] . During oocyte maturation, the membrane of the germ cell nucleus (or germinal vesicle [GV] ) breaks down (GVBD), and the first meiotic spindle is formed. Following the first meiotic division in which homologous chromosomes are segregated and cytoplasm is divided asymmetrically to produce the first polar body, the second meiotic spindle forms without an interceding round of DNA replication. These mature eggs arrest for a second time at metaphase of the second meiotic division (MII) until fertilization reinitiates the cell cycle and prompts the separation of sister chromatids and extrusion of the second polar body.
Meiotic divisions are highly asymmetric, ensuring that maternal resources within the ooplasm are conserved for embryonic development while allowing the reduction division that ultimately produces a haploid gamete. We have recently shown that under conditions of zinc insufficiency, this asymmetry is impaired and zinc-insufficient oocytes produce large polar bodies [15] . Spindle migration to the oocyte cortex, a process dependent on actin microfilaments, is required for asymmetric division [18] [19] [20] . Localization of the meiotic spindle to the oocyte cortex is accompanied by local changes in cellular architecture and polarization of the oocyte. These changes, collectively referred to as cortical reorganization, result in a polarized oocyte with a cortical granule-free domain (CGFD), a cap of thickened cortical actin, and a domain free of microvilli in the region adjacent to the meiotic spindle [21] [22] [23] . In order to ascertain the mechanism by which zinc insufficiency disrupts asymmetric division, we began to investigate pathways known to play a role in establishment of this asymmetry, including the MOS-MAPK pathway.
During oocyte maturation, the product of the c-Mos protooncogene (MOS) is translated and accumulates after GVBD [24] . MOS is a mitogen-activated kinase kinase kinase, and its accumulation leads to phosphorylation of mitogen-activated protein kinase kinase 1 and 2 (MAP2K1/2 [previously known as MEK1/2]) followed by phosphorylation of mitogenactivated protein kinase 3 and 1 (MAPK3/1 [previously known as Erk1/2 or p42/p44MAPK]) [25] . Cortical reorganization is a MOS-dependent process [26] , and in oocytes of the Mos null mouse model, spindle migration is impaired, cortical reorganization is disrupted, and oocytes produce large polar bodies during the first meiotic division [19, [26] [27] [28] . MOS null oocytes fail to activate MAPK3/1, which is thought to be the cause of the major features of the MOS null phenotype [26] [27] [28] [29] . In addition to producing large polar bodies, these eggs frequently fail to maintain arrest at MII and display a variety of spindle defects ranging from interphase-like configurations to entry into a third metaphase and formation of monopolar halfspindles [27] [28] [29] . Similarities between the phenotypes of zincinsufficient oocytes and MOS null eggs led us to hypothesize that the MOS-MAPK pathway may be impaired by zinc insufficiency.
Considering the importance of zinc in so many biological systems, as well as emerging evidence supporting a role for zinc as a second messenger involved in cell signaling, we sought to further investigate the role of zinc in mammalian oocyte biology. In a companion paper [15] , we have shown that zinc is acquired by the maturing murine oocyte to a level that exceeds the zinc quota of most cells [30, 31] . When we blocked zinc accumulation, the oocyte did not undergo asymmetric cytokinesis, nor did it complete normal meiosis. In this study, we investigate the potential role of zinc in MOS-MAPK signaling during meiotic maturation to understand better how zinc controls meiotic maturation of the mammalian oocyte.
MATERIALS AND METHODS

Reagents and Antibodies
Culture medium, fetal bovine serum (FBS), AlexaFluor-633 and -488 phalloidin conjugates (product codes A22284 and A12379, respectively), AlexaFluor-488-conjugated goat anti-mouse immunoglobulin G (IgG) (product code A11001), and horseradish peroxidase (HRP)-conjugated anti-mouse IgG (code 62-6520) were purchased from Invitrogen (Carlsbad, CA). Antiphospho-MAP2K1/2 (code 9121) and anti-phospho-MAPK3/1 (code 9106) antibodies were purchased from Cell Signaling (Beverly, MA). Anti-actin (code A2066), anti-a-tubulin (code T9026), biotin-conjugated Lens culinaris agglutinin (LCA) (code L4143), and Texas Red-conjugated avidin (code A2348) were purchased from Sigma-Aldrich (St. Louis, MO). Fluorescein isothiocyanate -streptavidin and Vectashield mounting medium with 4 0 ,6 0 -diamidino-2-phenylindole (DAPI) were from Vector Laboratories (Burlingame, CA). Anti-MOS antibody (code sc-1093R) was from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-cyclinB1 (code ab72) was purchased from Abcam (Cambridge, MA). HRP-conjugated anti-rabbit IgG (code NA934) and ECLPlus and ECL-Advanced detection reagents were purchased from Amersham Biosciences (Piscataway, NJ). Other chemicals and reagents were purchased from Sigma-Aldrich (St. Louis, MO), unless otherwise noted.
Animals
CD1 mice were maintained in accordance with the policies of Northwestern University's Animal Care and Use Committee and National Institutes of Health (NIH) Guide for the Care and Use of Laboratory Animals. Mice were housed and bred in a controlled barrier facility within Northwestern University's Center for Comparative Medicine (Chicago, IL) and were provided with water and Teklad Global (Madison, WI) irradiated 2919 chow, which does not contain soybean or alfalfa meal and therefore contains minimal phytoestrogens, ad libitum. Temperature, humidity, and photoperiod (14L:10D) were kept constant.
Oocyte Collection and In Vitro Maturation
Immature (17-to 21-day-old) female CD1 mice were given intraperitoneal injections of 5 IU equine chorionic gonadotropin (Calbiochem, La Jolla, CA) in 100 ll of sterile phosphate-buffered saline (PBS). Then, 44 to 48 h later, mice were anesthetized with isoflurane and euthanized by cervical dislocation. Ovaries were dissected into Leibovitz L-15 medium containing 1% FBS, and large antral follicles were punctured using 28-gauge needles to release cumulus oocyte complexes (COCs). COCs were then either collected rapidly to minimize spontaneous maturation or kept in dissection medium containing 0.2 mM 3-isobutyl-1-methylxanthine (IBMX) for up to 2 h to prevent germinal vesicle breakdown. COCs were washed through several drops of culture medium consisting of minimum essential medium (MEM)-alpha supplemented with 10% FBS, 100 lM L-glutamine, 1.5 IU/ml human chorionic gonadotropin, and 5 ng/ml epidermal growth factor and placed in culture medium with or without 10 lM N,N,N 0 ,N 0 -tetrakis(2-pyridylmethyl)ethylenediamine (TPEN) (1 mM stock solution in water was added to medium at a 1:100 dilution; affinity constants were 10 16 , and Mn 2þ , respectively [32] ). Medium containing alpha-MEM was preequilibrated for several h at 378C in 5% CO 2 ; and incubations were performed in drops of medium covered with embryo quality mineral oil. In some experiments, COCs were transferred from control to TPEN-containing medium (or vice versa) at various time points of culture. COCs were washed through at least 3 drops of the terminal medium before transfer to culture drops.
Analysis of First Polar Body Timing
After 6.25 h of culture in the presence or absence of TPEN, oocytes were manually stripped of their surrounding cumulus cells by repeated pipetting using a capillary with a narrow bore. Groups of 10-15 oocytes were placed in individual drops of the same culture medium (with or without TPEN) under oil and imaged and scored for the presence of a first polar body every 15 min using an inverted Leica DM IRB model microscope with transmitted light.
SDS-PAGE and Western Blotting
After culture for 4 to 18 h (depending on the experiment), oocytes were collected and prepared for Western blotting. COCs were briefly incubated in 30 lg/ml hyaluronidase and pipetted several times to remove cumulus cells. Denuded oocytes were imaged and transferred in a minimal amount of medium to microcentrifuge tubes and immediately lysed in 10 ll of 13 SDS-PAGE sample buffer [33] . Samples were quickly frozen and stored at À808C. Fifteen to 50 oocytes were collected for each sample, depending on the experiment and antibodies used. Samples were heated to 958C for 5 min and separated by SDS-PAGE using an Invitrogen NuPAGE system. Bis-Tris gels (10%) were run with 3-(N-morpholino)propanesulfonic acid-SDS running buffer and transferred to Immobilon-P polyvinylidene fluoride membranes (Millipore, Billerica, MA) at 25 V for 2 h at room temperature. Blots were blocked in 5% non-fat dry milk in TBS-T (20mM Tris, pH7.4, 137mM NaCl, 0.1% Tween20 [v/v] ). Primary antibodies were diluted 1:1000 in 3% BSA-TBS-T (anti-MOS and anticyclinB1 were used at 1:500 dilution). HRP-conjugated secondary antibodies were diluted 1:2000 in 1% non-fat dry milk-TBS-T. Detection was performed using ECL-Plus reagent (Amersham). Biomax MR films (Kodak, Rochester, NY) were exposed and developed, or an Alpha-Innotech (San Learndo, CA) MultiImage II system was used. Densitometry analysis was performed using ImageJ version 1.40g software (http://rsb.info.nih.gov/ij/) and/or AlphaInnotech FluoroChemHD2 software. All protein levels were normalized to actin, and comparisons of normalized values for 2-5 independent experiments were performed using a two-tailed Student t-test.
Immunofluorescence and Scanning Laser Confocal Microscopy
Oocytes were denuded of cumulus cells and fixed in 4% paraformaldehyde for 30 min at 378C. Prior to fixation, the oocytes to be used for cortical granule (CG) staining with LCA were incubated briefly in acidic Tyrode solution (Millipore) to remove their zonae pellucidae. Oocytes were blocked and permeabilized in wash solution containing 0.2% azide, 2% normal goat serum, ZINC INSUFFICIENCY DISRUPTS MEIOTIC CELL CYCLE 1% BSA, 0.1 M glycine, 0.2% non-fat dry milk, and 0.1% Triton X-100 in PBS at 378C for at least 15 min. Oocytes were incubated with primary antibodies (1:100 dilution) or LCA (10 lg/ml) for 1 h at room temperature, followed by three washes in wash solution. They were then incubated for 1 h in secondary antibodies (5 lg/ml) and phalloidin (2 U/ml) or avidin (5 lg/ml) conjugates, washed three additional times, and mounted in Vectashield with DAPI with or without 2 lg/ml propidium iodide. Microscopy was performed using a Leica SP5 inverted laser-scanning confocal microscope with a 403 or 633 oil immersion objective (Leica Microsystems, Heidelberg, Germany). Images were processed using LAS AF software (Leica Microsystems).
RNA Microinjection
The expression vector pRN3MOS was kindly provided by M.H. Verlhac [34] ; the vector pRN3-CCNB1(D90)-EGFP was kindly provided by Karen Schindler [35] . Microinjection of MOS cRNA into GV stage oocytes was performed essentially as previously described [34] . Briefly, an mMESSAGE mMACHINE T3 kit (Ambion, Austin, TX) was used to in vitro-transcribe capped MOS RNA from linearized plasmid. RNA was purified with RNeasy columns (Qiagen, Valencia, CA) and eluted in Tris-EDTA buffer at a final concentration of 0.5 lg/ll, and aliquots were stored at À808C. COCs were collected as described above in medium containing 0.2 mM IBMX, and oocytes with intact GVs were manually stripped of cumulus cells prior to injection. In vitro-synthesized RNA (3-10 pl) was injected into the oocyte cytoplasm, using an Eppendorf FemtoJet pressure microinjector with Femtotip injection capillaries. Oocytes were kept in L-15 medium supplemented with 1% FBS and 0.2 mM IBMX during injection. They were then cultured in alpha-MEM containing IBMX and 10% FBS for 6 h to allow overexpression of MOS protein. Ten to 15 oocytes were collected for Western blotting to confirm MOS overexpression, while remaining oocytes were transferred to in vitro maturation medium (IVM) with or without 10 lM TPEN for 16 h, as described above. Resumption of meiotic maturation was facilitated by removal of IBMX from the culture medium. Oocytes were processed for Western blotting or immunofluorescence as described above.
CCNB1(D90)-EGFP cRNA was produced and injected as it was for MOS, except that oocytes were in vitro-matured in the presence of 10 lM TPEN for 10 to 12.5 h prior to injection so that injections occurred around the time of the MI-MII transition. Injections were performed in L-15 medium containing 3 mg/ml BSA and 10 lM TPEN. Following injections, cells were cultured in TPEN containing IVM medium for an additional 3.5 to 6 h (16 h total) before being fixed and stained for spindles and actin as described above.
Sperm Chromatin Microinjection
Preparation of heat-inactivated sperm heads and microinjection of sperm chromatin into the oocyte cortex were performed essentially as previously described [21] with slight modification. Prior to injection, oocytes were matured in vitro in the presence or absence of TPEN, as detailed above, and injections were performed at room temperature in drops of L-15 medium containing 0.05% polyvinyl alcohol (with or without 10 lM TPEN) under mineral oil. Microinjection capillaries designed for mouse intracytoplasmic sperm injection (6-lm-inner diameter, 258 angle, nonpolished end) were purchased from Eppendorf and were back-filled with Fluorinert FC-77 (SigmaAldrich) rather than mercury. Following injection, oocytes were cultured for 2-4 h in IVM medium with or without TPEN and then fixed and processed for CG staining as described above.
Histone H1 and MBP kinase assay
Histone H1 and myelin basic protein (MBP) kinase activities were assayed in single oocytes as described previously [36] . Dried gels were exposed to Kodak Biomax MR films for 6 to 18 h, using Kodak intensifying screens, and films were developed, scanned, and analyzed using ImageJ software.
RESULTS
Zinc Insufficiency Disrupts Meiotic Maturation and Asymmetric Division
We first sought to further characterize meiotic maturation of zinc-insufficient oocytes. We have recently shown that attenuation of intracellular zinc signaling during IVM of mouse oocytes disrupts asymmetric division and leads to a telophase I-like meiotic arrest [15] . COCs matured in vitro in the presence of the membrane-permeable heavy metal chelator, TPEN, at 10 lM produce polar bodies on average 50% larger in diameter than controls, with some oocytes dividing symmetrically ( Fig. 1A [15] ). Moreover, instead of establishing a bipolar MII spindle, all TPEN-treated oocytes display a telophase arrest-like microtubule conformation with a chromatin mass rather than discrete chromosomes (Fig. 1A, iii) . In initial experiments, it was noted that oocytes collected after 8 to 10 h of IVM were more likely to have already extruded a polar body when they were cultured in the presence of TPEN. More detailed analysis demonstrated that the kinetics of first-polar body extrusion are indeed more rapid when COCs are cultured in the presence of TPEN (Fig. 1B) . After 9 h of IVM, 60% 6 13% of zinc-insufficient oocytes had produced a polar body, compared to 40% 6 20% of control oocytes (P , 0.05 by Student t-test). An average difference of 29 min was observed between the point at which 50% of TPEN oocytes had produced a polar body versus that of controls. The percentage of oocytes that eventually produced polar bodies was not 528 different between TPEN-treated and control groups; over 96% had polar bodies by 15 h IVM. The rate of GVBD also did not differ between groups, with the majority of oocytes undergoing GVBD within 60 min of removal from IBMX (data not shown).
Zinc-Insufficient Oocytes Have Reduced Levels of MOS and Phosphorylated MAP2K1/2 but Not Phosphorylated MAPK3/1
Oocytes lacking MOS protein exhibit large polar bodies [27] , similar to those observed in zinc-insufficient oocytes. We therefore hypothesized that zinc insufficiency disrupts MOS pathway signaling, leading to the observed phenotype. To test this hypothesis, we measured levels of MOS protein and the phosphorylation status of the downstream components, MAP2K1/2 and MAPK3/1, by immunoblotting to determined whether the MOS-MAPK pathway is disrupted in zincinsufficient oocytes. Oocytes matured in the presence of TPEN for 16-18 h contained lower levels of both MOS protein and phosphorylated MAP2K1/2 than control IVM MII eggs (P , 0.05) (Fig. 2, A-C) . Despite the decrease in the two upstream signaling molecules, levels of phospho-MAPK3/1 were not significantly different between the groups (Fig. 2D ).
Cortical Reorganization Is Perturbed in ZincInsufficient Oocytes
Normally, translocation of the meiotic spindle to the cortex during oocyte maturation results in reorganization of the overlying region of the cortex, including formation of a CGFD, thickening of cortical actin to form an actin cap, and loss of microvilli in the overlying domain [22, 23] . MOS null eggs also fail to undergo cortical reorganization, both in the region surrounding the MII spindle and in the cortical regions surrounding exogenously introduced chromatin [19, 26] . We therefore investigated whether cortical reorganization is also disrupted in zinc-insufficient oocytes. Eggs were fixed after 15-16 h of IVM, stained for CGs and actin, and imaged using confocal microscopy in order to assay formation of the CGFD and cortical actin cap; representative images from control and TPEN-treated groups are shown in Figure 3 . Formation of a large CGFD in the region overlying the MII spindle is observed in control eggs (Fig. 3, A and C) ; however, zincinsufficient oocytes display incomplete clearing of CGs in the cortical region overlying oocyte chromatin, even though this chromatin is often properly localized to the cortical region (Fig. 3, D and F) . In addition, restriction of CGs to the cortical region is slightly reduced in zinc-insufficient oocytes. Measurements of the extent of the CGFD also show that this domain is significantly smaller in oocytes matured in the presence of TPEN ( Fig. 3G; P , .001) . While zinc insufficiency disrupts CGFD formation, the cortical actin cap is observed in both TPEN-treated oocytes and control eggs (Fig. 3, B and E) .
Since the failed asymmetry of the first meiotic division of zinc-insufficient oocytes indicates that oocyte polarity may be disrupted at MI, we went on to look at CGFD and actin cap formation after 7.5 h of IVM, a time at which the MI spindle has formed and migrated to the cortex in most oocytes. As in the case described above, actin cap formation occurred in MI oocytes incubated in both control and TPENcontaining medium for the full 7.5 h (Fig. 3, I and L). CGFD formation in zinc-insufficient MI oocytes was also disrupted but to a lesser degree than that after 15-16 h of culture. Again, less complete clearing of CGs in the cortical region overlying the MI spindle was observed, the region occupied by the CGFD was smaller, and an increased number of CGs failed to localize to the oocyte cortex in TPEN-treated oocytes versus that in controls (Fig. 3, H-N) . Spindle localization to the oocyte cortex was observed in a similar proportion of control and TPEN-treated oocytes by 7.5 h of IVM, indicating that spindle migration does occur in zincinsufficient oocytes.
Zinc Insufficiency Affects Late-Stage Meiotic Maturation
In order to establish a timeline showing when zinc action is important during meiotic maturation, oocytes were collected at various time points during IVM with and without TPEN treatment; and components of the MOS pathway were analyzed by immunoblotting. While slight decreases in the levels of MOS and phospho-MAP2K1/2 were observed after 10 to 12 h of culture under zinc-insufficient conditions, differences were not statistically significant until 16 h of culture (Fig. 4, A and B) . Again, phospho-MAPK3/1 levels in zinc-insufficient oocytes did not vary significantly from control levels (Fig. 4C) . Of note, no significant differences in levels of MOS-MAPK pathway components were observed until after first polar body extrusion had occurred (at approximately 9 h of culture).
To further delineate the window of time during meiotic maturation during which zinc bioavailability is critically important, TPEN was added to IVM cultures during different time periods at the beginning or end of an 18-h culture period. These extended IVM cultures were used to ensure that robust differences in MOS levels could be detected. Immunoblot analysis shows that addition of TPEN only during later events of meiotic maturation resulted in significant decreases in MOS and phospho-MAP2K1/2 levels (Fig. 4, D-I) . TPEN treatment at only the beginning of the 18-h culture period, for as long as 12 h, did not result in reduced MOS or phospho-MAP2K1/2 levels. Even a treatment of up to 14 h in TPEN-containing ZINC INSUFFICIENCY DISRUPTS MEIOTIC CELL CYCLE medium followed by 4 h in control medium resulted in only a slight decrease in MOS protein levels. However, the presence of TPEN at the end of the culture period, even when added at 10 to 12 h of culture (i.e., after the first meiotic division, during the last 6 to 8 h of culture), resulted in MOS levels significantly lower than those of oocytes matured in control medium. As in other experiments, phospho-MAPK3/1 levels were not reduced, despite reduction in components of the upstream pathway. Curiously, in some cases, levels of MAPK3/1 phosphorylation were higher than those of controls, even when MOS and MAP2K1/2 levels were significantly reduced (Fig. 4,  G-I) .
MOS Overexpression Fails to Rescue Zinc-Insufficient Oocytes
Because results of the above experiments indicate that the decrease in MOS occurs too late to have a role in establishing the phenotype of zinc-insufficient oocytes, we tested the effects of MOS overexpression in zinc-insufficient oocytes to verify that restoration of MOS levels is not sufficient to rescue the observed phenotype. Oocytes were injected with in vitrotranscribed MOS RNA and incubated for 6 h in the presence of IBMX to maintain GV arrest and to allow protein overexpression, followed by IVM under zinc-sufficient or -insufficient conditions. While injected oocytes showed robust expression 
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of MOS, along with activation of downstream signaling components, MAP2K1/2 and MAPK3/1 (Fig. 5A) , the telophase arrest-like spindles that are a hallmark of the zincinsufficient phenotype were still observed (Fig. 5B) . Of 33 MOS-overexpressing oocytes matured in the presence of TPEN, none formed MII spindles. In addition, neither polar body size nor CGFD formation was rescued in MOSoverexpressing oocytes cultured in TPEN (see Supplemental Figure S1 [available online at www.biolreprod.org]). Some MOS-injected oocytes underwent GVBD while still in medium containing IBMX, as has been previously reported with oocytes cultured in the presence of dibutyryl cAMP [34] .
Exogenous Chromatin Induces Actin Cap but Not CGFD Formation in Zinc-Insufficient Oocytes
As the above results indicate that MOS-MAPK pathway signaling is not involved in the zinc-insufficient phenotype, the cause of the observed disruption of cortical reorganization remains an open question. In order to investigate whether the altered state of endogenous chromatin in zinc-insufficient oocytes is responsible for this failure, exogenous chromatin was injected into the oocyte cortex to determine whether cortical reorganization could be induced. Sperm heads were used as a convenient source of chromatin and were heatinactivated to prevent oocyte activation. Oocytes underwent IVM in the presence or absence of TPEN for 12-14 h prior to injection and were cultured for an additional 2-4 h after injection to allow sperm chromatin-induced cortical reorganization. Oocytes were fixed, processed, and imaged as described above to observe cortical reorganization. Control eggs show   FIG. 4 . The critical window for zinc action in maintaining MOS levels is during the later portion of meiotic maturation. Western blot analysis shows changes in relative levels of MOS, phoshpo-MAP2K1/2, and phospho-MAPK3/1 in oocytes in vitro matured in the presence of TPEN versus levels in control oocytes at time points from 4 to 16 h, as indicated. Graphs present densitometric analysis to show protein levels relative to that of controls for each time point 6 SEM, with normalization to actin (A-C). D-I) Western blot analysis of oocytes matured for 18 h with 10 lM TPEN present for a portion of the culture period, as designated graphically in D-F. Designation C14 indicates that oocytes were cultured in control medium for the first 14 h of culture, then transferred to TPEN-containing medium for the remaining 4 h of the 18-h culture period; T4 indicates culture in the presence of TPEN for the first 4 h followed by 14 h in control medium; and so on. Protein levels were normalized to that of actin, and error bars show SEM. Graphs present combined data from two to five experiments for each condition with 20 to 50 oocytes per well; asterisks indicate statistical significance according to Student t-test (P , .05). (Fig. 6 , A-C) and in the region proximal to injected sperm chromatin (Fig. 6, D-F) . While TPEN-treated oocytes show actin cap formation in cortical domains adjacent to both endogenous and sperm chromatin (Fig. 6, H and I) , CGFD formation occurs to a lesser extent than in controls (Fig. 6, G and I) . Measurement of the CGFD induced by exogenous chromatin shows that the domain is significantly larger in controls (968 6 78; n ¼ 23) than in TPEN-treated oocytes (98 6 48; n ¼ 21; P , 0.001).
Zinc-Insufficient Oocytes Fail to Increase MPF Activity after the First Meiotic Division
To further investigate causes of the apparent meiotic arrest and failure to establish an MII spindle in zinc-insufficient oocytes, the activity of MPF, a complex of CDK1 and cyclin B1 (CCNB1), was measured in single oocytes by its ability to act as a histone H1 kinase. Histone H1 kinase activity, as assayed by histone H1 phosphorylation, increased after GVBD (2 h IVM) in both control and zinc-insufficient oocytes and continued to rise in MI oocytes (6 h IVM) (Fig. 7A) . All oocytes assayed at 9 h IVM had already produced a polar body, and as expected, MPF activity decreased at the time of the first polar body extrusion. However, while MPF activity increased as control oocytes transitioned into MII (12 h IVM), it continued to decrease in zinc-insufficient oocytes and remained low even after 16 h IVM (Fig. 7A) . Myelin basic protein (MBP) kinase activity, reflecting activity of MAPK, was not different between control and zinc-insufficient oocytes through the MI-MII transition and was slightly increased in TPENtreated oocytes after 16 h in culture (Supplemental Fig. S2 ). This is consistent with the observed phosphorylation of MAPK3/1, which was also similar between TPEN-treated and control oocytes ( Fig. 2 and 4) .
MPF activity is controlled at the level of CCNB1 accumulation and degradation during both meiosis and mitosis [37] . Western blot analysis of CCNB1 over the time course of IVM under zinc-sufficient and -insufficient conditions showed a dramatic reduction in CCNB1 levels after 12 h (Fig. 7B) . MPF activity is additionally controlled by both activating and inhibitory phosphorylation of CDK1 [38, 39] . Elevation of the inhibitory phosphorylation of CDK1 at tyrosine 15 was also observed by Western blotting in some but not all experiments after 12 h IVM in the presence of TPEN (data not shown), indicating that MPF activity may be controlled at multiple levels in the case of zinc-insufficiency.
Expression of Nondegradable CCNB1 Partially Rescues Zinc-Insufficient Oocytes
In order to test whether decreased CCNB1 levels were indeed responsible for the low MPF activity and failure of zinc-insufficient oocytes to progress to MII, oocytes cultured in the presence of TPEN during IVM were injected with cRNA for a truncated form of CCNB1, D90, which lacks an N-terminal anaphase-promoting complex/cyclosome (APC/C) interaction domain and does not become ubiquitinylated upon APC/C activation [40] fused with EGFP. Oocytes were maintained in TPEN-containing medium during the entire culture period and were injected at between 10 and 12.5 h of culture to avoid early arrest due to high MPF levels C, F, I ). Oocytes were also stained for actin (B, E, H; red in merged images), and DAPI-stained chromatin is shown in blue (C, F, I ). At least 20 control and TPEN-treated IVM oocytes injected with sperm chromatin were analyzed over three separate experiments; representative images are shown. Bars ¼ 20 lm. 532 preventing the first meiotic division, as much as was possible. After 16 h total culture, the CCNB1(D90)-EGFP expression led to a partial rescue of the usual TPEN phenotype, with only 3% of injected eggs displaying telophase I arrest compared with 97% of uninjected oocytes treated with TPEN in parallel (Fig. 7C, iv) . Twenty-six percent of injected oocytes divided to produce first polar bodies and had MII spindle-like structures ranging from partially organized metaphase plates to spindle-like microtubules with chromosomes dispersed along their length (Fig. 7C, i and ii) . Eggs that had divided symmetrically usually had spindle-like structures in both daughter cells. Remaining oocytes had not produced a polar body and were either arrested in MI (38%) or had two spindlelike structures (32%) (Fig. 7C, iii) , most likely due to increased MPF activity after karyokinesis but before completion of cytokinesis. A total of 156 injected oocytes from three separate experiments were analyzed.
DISCUSSION
Zinc Is Essential for Oocyte Maturation
We demonstrate here that zinc bioavailability is required during the transition from completion of the first meiotic division to the establishment of the meiosis II spindle. Oocytes matured in vitro under zinc-insufficient conditions undergo an accelerated first meiotic division, produce large first polar bodies, arrest with a telophase I-like spindle configuration without discrete chromosomes, and fail to form a meiosis II spindle ( Fig. 1 [15] ). By using a model zinc insufficiency during IVM, we can now begin to decipher the underlying mechanism of zinc action in oocyte biology.
Zinc is Required for Complete Cortical Reorganization
During both meiosis and mitosis, asymmetric division requires cortical polarization [41, 42] . Our data provide evidence that zinc is required for complete cortical reorganization to take place (Fig. 3) . These results also introduce a disconnect between formation of the actin cap, which develops appropriately in zinc-insufficient oocytes, and redistribution of CGs, which is disrupted in zinc-insufficient oocytes with smaller and less complete CGFDs (Fig. 3) . In addition, because exogenously introduced chromatin also fails to induce full CGFD formation (Fig. 6 ), this disruption is likely due to effects of zinc insufficiency on cellular machinery controlling polarization and not secondary to the disrupted chromatin conformation observed in zinc-insufficient oocytes. Polarization prior to asymmetric division essentially implicates cell fate decisions before cell division actually occurs. Thus, successful polarization is required to produce cells capable of accomplishing different purposes. In fact, when asymmetric division fails during female meiosis, the fate of the daughter cell destined to become the oocyte or polar body can be disrupted. When oocytes that divide symmetrically at the first meiotic division during IVM under zinc-insufficient conditions are rescued with exogenous zinc within 12 h of culture, a portion of these oocytes will produce two metaphase II-arrested spindles, one in each cell [15] . Similarly, expression of a dominant-negative form of ARF1 in mouse oocytes, which also leads to symmetric division during meiosis I, causes generation of two MII oocytes, both of which can be activated subsequently either parthenogenetically or through sperm injection [43] . Through its role in establishing polarity and proper asymmetric division, zinc also has an essential function in determining oocyte versus polar body cell fate. 
ZINC INSUFFICIENCY DISRUPTS MEIOTIC CELL CYCLE
Zinc Action Is Not Mediated Through MOS-MAPK Signaling
While the importance of zinc in the establishment of oocyte polarity and asymmetric division is apparent, the mechanism by which zinc insufficiency disrupts this process is less clear. The MOS-MAPK pathway has been shown to be required for both proper asymmetric division and establishment of cortical polarity [19, 26, 27] ; therefore, potential disruption of MOS pathway signaling was a logical target for investigation. Although features of the phenotype of zinc-insufficient oocytes bear striking resemblance to that of MOS null oocytes, our data indicate that disturbance of MOS pathway signaling is not the primary cause of this phenotype.
We observed a decrease in the levels of MOS protein and MAP2K1/2 phosphorylation in oocytes in vitro matured under zinc-insufficient conditions (Fig. 2) ; however, this decrease was gradual and only became statistically significant after 16 h of IVM in the presence of TPEN, well after extrusion of the first polar body at approximately 9 h (Fig. 4) . Since disrupted asymmetric division and establishment of the telophase arrestlike spindle occur before the reduction in MOS and MAP2K1/2 activation, it is unlikely that this reduction could be the cause of the observed zinc insufficiency phenotype. In addition, phosphorylation of the pathway's downstream effector, MAPK3/1, was not reduced significantly at any time point tested (Fig. 4) , and MAPK activity assayed in single oocytes was not reduced by zinc insufficiency (Supplemental Fig. S2 ). The phenotype of MOS null eggs has been attributed to the absence of MAPK3/1 activation, as inhibition of MAP2K1/2, the only known MAPK3/1 kinases, also causes production of large polar bodies [44, 45] , and cortical reorganization is thought to depend on activation of MYLK by MAPK3/1 [26] . Both the late timing of reduction in MOS and the lack of change in the pathway's main effector in zinc-insufficient oocytes led us to conclude that reduced MOS is not responsible for the observed phenotype.
In contrast to the reduced MOS levels observed after 16 h of IVM, zinc insufficiency during the early part of culture resulted in increased MOS protein levels relative to those of controls (Fig. 4) . This effect is likely due to the apparent acceleration of meiotic progression in zinc-insufficient oocytes. While early formation of the first polar body was observed under zincinsufficient conditions (Fig. 1B) , this feature was not observed in MOS null oocytes, which have been reported to undergo meiosis I with normal kinetics [28, 29] , reinforcing our conclusion that zinc insufficiency is operating through a MOSindependent pathway. This accelerated meiosis I division could potentially contribute to the large polar body phenotype observed in zinc-insufficient oocytes, given that cytokinesis occurring prior to spindle migration to the cortex could lead to production of large polar bodies [46] . Additionally, this feature may indicate involvement of zinc in spindle assembly checkpoint (SAC) machinery, as Tsurumi et al. [47] have demonstrated that expression of dominant-negative mutants of several SAC components led to acceleration of meiosis I. However, as the difference in meiosis I timing observed between zinc-sufficient and -insufficient oocytes is small (approximately 29 min, compared to differences of 3 h or more with mutant SAC components [47] ), and because localization of the MI spindle to the cortex was observed in most zinc-insufficient oocytes, there could be other explanations for defective asymmetric division in zinc-insufficient oocytes.
FIG. 8.
Proposed model of the relationship between zinc-insufficient and MOS null oocytes. Timeline shows number of h after initiation of IVM. GVBD and formation of the MI spindle proceed normally in both MOS null and zinc-insufficient oocytes. The MI spindle in MOS null oocytes does not migrate to the oocyte cortex, and the first meiotic division produces a large polar body [19] . Spindle migration appears to occur normally in zinc-insufficient oocytes; however, the first meiotic division is slightly accelerated and produces a large polar body. MOS null oocytes fail to arrest in MII, and a majority expel a second polar body and transition into a third M phase state with monopolar spindles [28] . Zinc-insufficient oocytes do not form an MII spindle and instead arrest with telophase-like spindles. CG reorganization (green outlines within cells) is disrupted in both MOS null eggs and zinc-insufficient oocytes. A schematic of MPF activity is shown below. MPF activity increases after GVBD in wild-type, MOS null, and zinc-insufficient oocytes and then declines just before polar body extrusion (PBE), allowing anaphase to take place. In wild type and MOS null oocytes, MPF activity rises once again as the MII spindle is established and is maintained at high levels in MII arrested eggs, while in MOS null eggs, MPF activity once again drops as oocytes expel a second polar body [28] . After the decline with the first meiotic division, MPF activity in zinc-insufficient oocytes remains low, and these cells fail to establish an MII spindle. Although MOS absence and zinc insufficiency produce visibly similar phenotypes, different mechanisms are involved.
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Microinjection of MOS cRNA into GV-arrested oocytes resulted in overexpression of MOS protein and phosphorylation of MAP2K1/2 and MAPK3/1, which was maintained after 16 h of culture under zinc-insufficient conditions (Fig. 5A) . However, activation of the MOS-MAPK pathway failed to rescue the telophase arrest-like spindle phenotype characteristic of zinc-insufficient oocytes (Fig. 5B) , and neither polar body size nor CGFD formation was rescued by MOS overexpression (Supplemental Fig. S1 ). These results, consistent with the timing data presented above, strongly implicate a MOSindependent mechanism under the control of zinc as a critical component during oocyte maturation.
Zinc Is Required for Entry into Meiosis II
While the results presented herein essentially rule out MOS-MAPK as being the primary pathway disrupted by zincinsufficiency during oocyte maturation, zinc obviously plays an important role in some cellular mechanism(s) critical for proper meiotic maturation. Components of the zinc-insufficient phenotype, expanded upon by these studies, give us additional clues as to where zinc could be important. In addition to the failed asymmetric division initially observed, we have shown that establishment of cortical polarization is disrupted in zincinsufficient oocytes, and, importantly, the telophase arrest-like spindle phenotype has called our attention to the meiosis Imeiosis II transition. The dynamics of MPF activity are critical for progression through meiosis. The activity of MPF, a complex of CDK1 and CCNB1, rises as meiotic maturation begins, allowing formation of the MI spindle. MPF activity declines briefly via limited degradation of CCNB1 to allow anaphase I and the first meiotic division to progress and then increases again and is maintained at high levels to allow establishment of the MII spindle and arrest at this point, until fertilization or activation [48] . We show here that in zincinsufficient oocytes, MPF activity does not increase following the first meiotic division and remains low (Fig. 7A) ; this appears to be mediated through failure to reaccumulate CCNB1 following the first meiotic division (Fig. 7B ) and is further supported by the partial rescue of the zinc insufficiency phenotype by expression of a nondegradable CCNB1 (Fig.  7C ). This differs from the case of MOS-null oocytes, in which MPF activity increases after meiosis I but is not maintained, leading to a premature second meiotic division [28] . Zincinsufficient oocytes fail to enter MII, while MOS null oocytes enter MII but fail to arrest. In this sense, it appears that zincinsufficiency interferes with the ability to establish cytostatic factor (CSF) activity, rather than the failure to maintain CSF that has been shown in MOS null oocytes [28, 48] . Our model for the relationship between MOS null and zinc-insufficient oocytes and the reflected dynamics of MPF activity is shown in Figure 8 . Although the absence of MOS protein and zinc insufficiency led to visibly similar phenotypes, different mechanisms are at play.
With a focus on the meiosis I-meiosis II transition and establishment of CSF in mind, the recently characterized F-box protein 43 (FBXO43; previously known as Emi2) emerges as a promising candidate zinc-regulated factor that controls meiotic progression. FBXO43 is an inhibitor of the APC/C ubiquitin ligase responsible for targeting CCNB1 for degradation [49, 50] . FBXO43 is a key component of CSF, and the mechanism leading to FBXO43 degradation cued by the calcium oscillations at fertilization has been worked out over the last few years [51] . Identification of a zinc-regulated molecular pathway that controls the transition of oocytes out of meiosis I and into metaphase II arrest is a fascinating new use of an inorganic signaling pathway in a biological system.
We have demonstrated that zinc is critical for progression of oocytes through the meiosis I-meiosis II transition and that, although zinc-insufficient oocytes resemble MOS null oocytes, impaired MOS-MAPK pathway signaling is not the cause of this phenotype. While additional pathways remain to be explored, this work illustrates the importance of a previously under-recognized role for zinc in oocyte biology.
